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Abstract: International directives encourage the incorporation of sediment transport analyses into
flood risk assessment, in recognition of the significant role played by sediment in flood hazard.
However, examples of risk analysis frameworks incorporating the effect of sediment transport are
still not widespread in the literature, resulting in a lack of clear guidelines. This manuscript considers
a study site in the Italian Alps and presents a hydro-morphologic model for generation of flood
scenarios towards hazard assessment. The analysis is concentrated on a design flood event with
100-year return period, for which an outflowing discharge is computed as a result of the river
modeling. However, it is also argued how suitable model input parameter values can be obtained
from analyses of river flows in a yearly duration curve. Modeling tools are discussed with respect
to their capabilities and limitations. The results of the analysis are site-specific, but the proposed
methodology can be exported to other hydro-graphic basins.
Keywords: mountain catchments; flash flood; flood hazard; design flood scenario; sediment transport;
river morphology; inundation
1. Introduction
In recent years, several studies have demonstrated a major role of sediment in fluvial floods.
It has been argued, for example, that stream morphological changes taking place over long periods
may significantly change the river response to high flows, e.g., [1–3]. In addition, it has been shown
that, sometimes and particularly in mountainous regions, the temporal scales of flow variation and
morphological change can be equivalent to each other, resulting in a coupled process, e.g., [4,5].
Thus, a sudden increase of river bed elevation would significantly facilitate stream outflow. Similar
arguments have been taken into account by international guidelines. For example, the European
Floods Directive [6] mentions that flood risk maps resulting from calamitous scenarios should include
information about “areas where floods with a high content of transported sediments and debris floods
can occur”.
Hydro-morphologic models are effective tools for studying the sediment transport in a river.
These models are mostly based on shallow-water equations for one-dimensional and two-dimensional
frameworks, with the former (e.g., [7–9]) mostly used for mountain environments. Hazard assessment
can be thus performed accounting for the presence and transport of sediment. The results may however
suffer from significant uncertainties due to the complexity of the involved processes. Uncertainty
analysis can be included by accounting for the variability resulting from different parameterizations of
the scenarios, but examples of such approaches are still limited (e.g., [10]).
All of the above considerations are particularly relevant for the Italian Alps. This paper addresses
the case-study of the Valmalenco catchments, where the main water course is the Mallero River. The site
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was chosen because several data are available from studies (e.g., [11–14]) performed after a significant
flood event of 1987 and, furthermore, the public protection tools presently available to local authorities
do not adequately account for an expected effect of sediment on the flood risk (e.g., [15]). The objective
of the work is to assess the capabilities and discuss the limitations of hydro-morphologic modeling
towards the assessment of hazard levels for the main town situated close to the downstream section
of the basin. Therefore, the modeling sequence proposed in this work comprises (i) the short-term
hydro-morphologic evolution of the downstream reach of the river consequent to the propagation of a
flood wave (the short term is here intended in an engineering sense and is therefore on the order of
hours/days) and (ii) the quantification of an expected outflow into the town. The distinctive feature of
the present work compared to several others performed by the authors on the same case-study [16–20]
is the introduction of a design flood scenario rather than the consideration of a previous flood in a
back analysis.
The present study meets a local societal thrust and is also relevant in light of the existing
literature. Even though some consolidated mathematical/numerical tools are employed for the
hydro-morphologic analyses, the novelty of the study lies in the two-way link of (i) a risk-oriented
interpretation of the modeling results, that is not present in works where the modeling tools
are developed (e.g., [7–9]) and (ii) an appropriate account of sediment in the hazard assessment.
For example, [21], presented a similar modeling sequence spanning from water discharge to flood
damages, but did not consider the contribution of sediment. The study [10] lacked quantification of a
sediment supply into the modeled river reach and considered random values for the sediment volume,
albeit acknowledging a crucial need for an appropriate “yield function”. Here the issue of the sediment
supply is discussed in light of the earlier results for few case-studies and of new sensitivity analyses.
The manuscript is organized as follows: first, the case-study is presented; second,
hydro-morphologic evaluations are performed with reference to flows in a yearly duration curve to
obtain parameter values to be used in short-term modeling; third, a flood scenario corresponding to a
hydrograph with a 100-year return period (henceforth indicated as the ‘design’ scenario) is simulated
resulting in the estimation of a flooding hydrograph for the town; fourth, the results are discussed in
terms of feasibility and limitations of modeling and of directions for future research, and the main
conclusions are summarized.
2. The Valmalenco Catchments and the Mallero River
2.1. The Hydro-Graphic Basin
The river basin considered in this study is located in Northern Italy (Figure 1), with an area of
around 320 km2 and altitude ranging from 280 to 4050 m a.s.l. Average precipitation is between 1000
and 1500 mm/year, with higher values generally corresponding to higher elevations. From a geological
point of view, significant lithological heterogeneity is documented, including various metamorphic
and sedimentary rocks. At the highest elevations, outcropping metamorphic and magmatic formations
with local debris cover are present. Glacial deposits cover a wide surface of steep slopes at altitudes
between 2100 and 2400 m a.s.l., whereas at higher altitude only localized glacial deposits can be found.
The lower part of the valley is covered with glacial and colluvial deposits of variable thickness [22].
The soil cover (see Figure 1) is mostly associated with debris accumulations and lithoid outcrops
deprived of vegetation (37% of the total area), coniferous forests of medium and high density (20%),
sparse vegetation (10%), and glaciers and permanent snowfields (8%). Several landslides are present
along the upper course of the Torreggio River and a large rock landslide is located near the village
of Spriana.
The sediment supply in the basin is the result of diverse geomorphic processes, corresponding to
different geological and geomorphological characteristics of the areas where they develop. The active
phenomena generating sediment supply into the river course have been defined by [14] as basal erosion
limited to short reaches of the riverbed, diffuse bank erosion, unstable slopes scattered throughout the
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entire basin (whose activity can be increased by thawing), and widespread hillslope erosion (including
the action of runoff water on moraine deposits that are present in the higher zones of the basin).
Inhabited areas correspond to 1% of the total surface of the watershed. The most populated town
of the valley (Sondrio, with around 22,000 inhabitants) is located close to the downstream section.
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Figure 1. The Mallero catchments in Northern Italy with land cover, major streams, and towns.
2.2. The River
The 25-km long Mallero River is the major water stream of the basin (Figure 1). The springs of the
river are located at an altitude of 1650 m a.s.l., while the downstream section of the watershed coincides
with the inflow of the Mallero into the Adda River that is the main water course of the Valtellina
valley. The most important tributaries are the Lanterna, Torreggio, and Antognasco. The Mallero is
characterized by a highly variable slope, t l tter ranging from 4% to 40% in th high c urse and
decr asing to less than 1% in the last 2 km before the confluence (see the bed profile for the last 9.5 km
in Figure 2). The bed granulom try according to tw surveys from 1989 and 1990 [14] is presented
in Figure 3. For the survey from 1989, longitudinal variability was given for d10 and d50 (with d as
the sediment size and a subscript as the percentage in the granulometric distribution). Complete
granulometric curves were given by [14] for some locations; characteristic sediment sizes could be
extracted from these curves and data for d10 and d50 were also included in the plot. The river presents
the typical variability of a mountain water course, with the median sediment size ranging from a few
cm to more than 1 m. Sediment sizes are typically larger in the upstream portion and decrease towards
the river outlet. Two regions with the largest sediment sizes are recognizable at around 5000 m and
15,000 m, the former corresponding to the Cassandre gorge in Figure 2.
The river flows through Sondrio just downstream of a sharp bend (Figure 4), with a transverse
section that in this reach is approximately rectangular and has a width of around 40 m. Four bridges
(also shown in Figure 2) are present in the in-town reach. The flow duration curve at Sondrio was
estimated based on records taken during the 1990s and ranges from a few m3/s to around 150 m3/s,
the 182-day discharge being around 7 m3/s (Figure 5).
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Figure 2. Longitudinal profile of the river bed in the last 9.5 km before the confluence, up to the town
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Figure 3. Sediment size along the river course according to a survey by Techint in 1989 and [14],







Figure 3. Sediment size along  the  river course accordin   to a survey by Techint  in 1989 and  [14],   
d_p indicating the size corresponding to p percent in the granulometric distribution. 
 
Figure 4. The Maller  River (shaded) crossing town of Sondr o (map extr c ed from  he Regional 
Technical Chart of Lomb rdia). The course of the Malle o is depicted in the last 2 km until the inflow 
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Figure 4. The Mallero River (shaded) crossing the town of Sondrio (map extracted from the Regional
Technical Chart of Lombardia). The course of the Mallero is depicted in the last 2 km until the inflow
into the Adda. The black thick lines represent four in-town bridges, named Garibaldi, Eiffel, Marcora,
and Railway from upstream to downstream.






Several  flash  floods occurred  in  the past: events have been reported  for 1817, 1834, 1885, 1911, 
1927,  and  1987.  According  to,  for  example,  [14],  the  majority  of  the  high‐flow  events  have  been 
recorded during  the  summer  and  autumn  seasons,  and  thus  could be  attributed  to precipitation 
only.  Events  of  particular  intensity  have  not  been  recorded  during  spring  and,  therefore,  the 
contribution of  snowmelt  to  the discharge  of Mallero  can  be  considered negligible. The  existing 
documentation  highlights  that  flood  hazard  for  Sondrio  is  mostly  represented  by  sediment 




106 m3;  sediment  sources were mostly  represented  by distributed  erosion  (contributing  for  ~40%), 
landslides  along  the  Torreggio  tributary  (~30%),  bank  erosion  (~15%),  and  remobilization  (~15%), 
frequently associated  to  structure  collapse;  the  sediment yield  into  the  river 5 km upstream of  the 
confluence was 7 × 105 m3 (with no further significant yield from the valley slopes downstream of that 
location); around 2.2 × 105 m3 were deposited in the in‐town reach, with aggradation depths up to 5 m 
that represented a very significant  fraction of  the  total bank height  (ranging  from 5  to 8 m  in  the 
in‐town reach). As discussed by [17], among others, the bank‐full discharge in the in‐town reach is 
around 700 m3/s considering a non‐aggraded bed, whilst  it decreases  to 150 m3/s considering  the 
aggradation that occurred during the flood of 1987. During this event, however, the town was not 
flooded. This was later explained considering that as confirmed by numerical simulations (e.g., [17]), 
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2.3. Past Events
Several flash floods occurred in the past: events have been reported for 1817, 1834, 1885, 1911,
1927, and 1987. According to, for example, [14], the majority of the high-flow events have been
recorded during the summer and autumn seasons, and thus could be attributed to precipitation only.
Events of particular intensity have not been recorded during spring and, therefore, the contribution
of snowmelt to the discharge of Mallero can be considered negligible. The existing documentation
highlights that flood hazard for Sondrio is mostly represented by sediment depositing in the in-town
reach and reducing the section conveyance. A flood in July 1987 (for a return period of 50–60 years)
was relatively well documented by some post-event studies (e.g., [11–14]). The peak water discharge
was 500 m3/s, to be compared with an estimated value of 640 m3/s for a return period of 100 years;
the total sediment volume mobilized throughout the catchments was 3 × 106 m3; sediment sources
were mostly represented by distributed erosion (contributing for ~40%), landslides along the Torreggio
tributary (~30%), bank erosion (~15%), and remobilization (~15%), frequently associated to structure
collapse; the sediment yield into the river 5 km upstream of the confluence was 7 × 105 m3 (with no
further significant yield from the valley slopes downstream of that location); around 2.2 × 105 m3
were deposited in the in-town reach, with aggradation depths up to 5 m that represented a very
significant fraction of the total bank height (ranging from 5 to 8 m in the in-town reach). As discussed
by [17], among others, the bank-full discharge in the in-town reach is around 700 m3/s considering a
non-aggraded bed, whilst it decreases to 150 m3/s considering the aggradation that occurred during
the flood of 1987. During this event, however, the town was not flooded. This was later explained
considering that as confirmed by numerical simulations (e.g., [17]), most of the aggradation took place
during the tail of the event where the discharge was already much lower than the peak value.
3. Design Flood Scenario Modeling
Historical records demonstrate that the town of Sondrio is prone to flash-floods, whose danger
can be ignificantly exac rbated by high sedime t transport causing aggradation of the riv r bed in
the in-tow re ch. Therefore, any desi n cenario develo ed for risk assessment shall account for the
described dyn mics.
Sediment ay be supplied by different sources, which may contribute to the total yield of the
basin (e.g., [23]). Hillslope erosion [24], bank erosion [25], and con e trated sources [26] are the main
contributors. This study conceptually considered the contribution of distributed ero ion and scattered,
l cal sediment sources. By trast, the sediment that could be s pplied by large lan slides such as
the one of Spriana was not taken into accou t. Such a landslid is in f ct characterized by an extremely
l rge estimated volum (more than 20 Mm3 reported by [27,28]) and its collapse woul thus lead to
a dam-break wave rather than a flash flood (e.g., [18]).
The river reach consider d for the ssessment corresponded to the last 5 km before the confluence
with t Adda (s e again Figur s 1 and 2), wh reas the in-town reach c rresponded to the last 2 km.
The choi to model this reach followed the will to reduce the ffect of any sediment supply condition
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at the upstream boundary. Previous investigations [16,17] demonstrated that considering the typical
duration of an event, the results of hydro-morphologic models were very sensitive to the upstream
boundary condition in the upper portion of the modeled reach, but practically insensitive in the
in-town reach.
In this work, a 100-year return period was considered for the river flood. Using a 100-year return
period (or 200-year for larger rivers) is a standard practice in Italy. However, since initial conditions
can influence the dynamics of a river reach (see, for example, [29], who also studied the Mallero River),
the sediment transport was also preliminarily investigated for flows in the yearly duration curve in
order to characterize the river behaviour over a longer term.
4. Hydro-Morphologic Analysis for Flows in the Yearly Duration Curve
Several computations were performed for a series of flow rates in the average duration curve
(Table 1). The objective of these computations was to calculate the critical sediment size, intended
as the size of the largest sediment particle that can be transported by the flow at a certain section.
A threshold value of the Shields [30] number of 0.05 was assumed as a reference. Local bed shear
stresses were determined by clear-water hydraulic computations performed with the assumption of a
fixed bed. Figure 6 presents a stream-wise evolution of the critical sediment size for a variety of flow
rates (only some of those listed in Table 1 are depicted for the sake of plot readability), together with
an average critical size whose computation took into account the durations corresponding to each
value of the discharge and, in turn, of the critical diameter. For interpretative purposes, the continuous
variability of the river properties was divided into two homogeneous reaches based on the mean value
of the critical size. The two reaches corresponded well with the different slopes in the river reach under
consideration (Figure 7). A duration curve for the mean critical diameter of each reach could be built
accordingly (Figure 8).
The duration-averaged values of the critical diameters reasonably matched the surveyed sediment
sizes (Figure 9). This was interpreted as an indication of stability of the river profile for ordinary
flows. In turn, it was assumed that using the computed sediment sizes in the river would correspond
to a good initial condition for a short-term hydro-morphologic model that shall be described below.
Reach-averaged sediment sizes (dashed lines in Figure 9) were 50 and 150 mm in the downstream
and upstream homogeneous reaches, respectively. An abrupt transition in sediment size was thus
introduced at 1.8 km from the end of the river, analogous to the gravel-sand transition described for
courses with lower slope (e.g., [31]). Converting a continuous variability into a sharp transition was in
part an arbitrary operation. In the following sections, sensitivity analyses will be presented for the
chosen location of the transition.
The sediment transport capacity of the river was also investigated for these flow conditions,
as computed by the Meyer-Peter and Muller formula [32]. The yearly sediment volume transported
in the downstream reach is 6 × 105 m3, and the volume for the upstream reach is 3 × 106 m3.
Such volumes should be ensured by the sediment productivity of the catchments. Several models
are available for estimation of these volumes (see, for review, [33,34]). The study from [20] applied
the Erosion Potential Method (described in [20,34]) finding yearly sediment yields on the order of
105, in agreement with present computations, but suggesting a transport-limited and supply-limited
behaviour of the downstream and upstream reaches, respectively.
Table 1. Flow rates in the yearly duration curve used for the analysis of sediment transport.
Flow Rate (m3/s) 108 59 40 23 14 11 8 7 5 3
Duration (Days) 1 5 10 30 60 91 135 182 274 355
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Figure 6. Stream-wise vari bility of the critical sediment size for a range of flow discharges within the
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Figure 9. Computed yearly-averaged critical sediment size compared with the median sediment size
in the considered reach. Dashed lines identify the reference sizes used in the following computations.
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5. Hydro-Morphologic Analysis for Peak Flow
The propagation of the flood wave and the resulting morphologic evolution of the river bed were
modeled using the one-dimensional Saint-Venant equations (stating the conservation of mass and
momentum for the flow) and the Exner equation (stating the conservation of mass for the sediment).
The numerical solver used was implemented in the Basement software [35] provided by ETH Zurich.
The model assumes immediate adaptation of the sediment transport rate to the local hydro-dynamic
conditions. The bed-load solid discharge was computed using the equation by Meyer-Peter and
Muller [32] which, according to [5], is suitable for bed slopes lower than 5% (the slope values in the
Mallero reach used for the computations respect such a limitation). The sediment transport formula
by [36] was also used for comparison.
The geometric model included 57 cross sections (see Figure 7). The spacing between neighboring
sections ranged between 31 and 116 m, apart from four instances of 154, 169, 177, and 256 m.
The temporal step of the computation was dominated by the shortest spacing, as it was computed
based on a Courant number of 0.9.
5.1. Model Parameterization/Validation
The model was used to simulate the flood event of 1987, for which [12,14] provided data
representing the post-event profile of the bed elevation. These data were used as benchmarks for the
simulation. In this way, an attempt was made to overcome the lack of field validation that is frequently
a shortcoming in similar studies (e.g., [37,38]).
The model input parameters were (i) a flow hydrograph; (ii) the bed roughness; (iii) the sediment
size and (iv) a sediment supply at the upstream computational boundary. The flow hydrograph
provided by [14] among others was used (Figure 10), with a duration of 60 h and a peak discharge of
495 m3/s. The sediment sizes obtained from the computations for flows in the duration curve were
implemented, thus 50 mm in the downstream reach and 150 mm in the upstream reach (Figure 9).
Corresponding roughness coefficients were computed as 26/d1/6 (with d as the sediment size expressed
in m) and were equal to 36 and 43 s/m1/3, respectively. An equilibrium condition for sediment
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The result of a hydro-morphologic model can be sensitive to the values used for parameterization.
Results for the Mallero river were presented by [17] in terms of a sensitivity analysis of the back
simulation of the 1987 event to the sediment size, for which values from 1 to 10 cm were used. In that
study, a limited sensitivity was found that was attributed to an equal-mobility condition associated
with high bed shear stresses that are typical of high flows. Such a condition also favors the use of a
single sediment size mimicking a granulometric distribution. Furthermore, the studies of [16,17,37]
demonstrated (in the former case, for the same river considered here) that aggradation patterns in
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a downstream portion of a computational reach were almost independent of the sediment supply,
provided that the duration of the modeled event was short. This piece of information was used to
choose the extent of the computational domain, as already mentioned in Section 3. Additional issues
of the location of a transition for sediment size and of the transport formula used in the computation
will be addressed in the following.
The result of the hydro-morphologic model for the full computational reach is presented in
Figure 11. The temporal evolution of the aggradation process showed a dispersive behaviour of the
sediment, as also found in several other studies (e.g., [41,42]), with the solid material accumulating
in the intermediate portion of the reach, where initial slopes were lower. As seen, the river sections
are quite high for distances larger than 2500 m. Therefore, in the following, attention will be focused
on the last 2.5 km that moreover correspond to the in-town reach where population and property
are exposed to the flood hazard. Results for the in-town reach are depicted in Figure 12 including
additional sensitivity analyses to those presented by [16,17]. Neither the sediment transport formula
nor the location of a transition for sediment size significantly influenced the river profile computed at
the end of the event. The comparison between the modeling results and the post-event surveys is also
included in Figure 12. The field data were reproduced well in the upstream portion of the in-town
reach, whilst the computed bed elevations were significantly lower than the surveyed ones in the
downstream portion. This could be due to the fact that the survey was not performed just after the
flood and additional morphologic processes could have taken place. Since the flood happened almost
30 years ago, it was very difficult to find information in that respect. However, the agreement between
the model and the survey in the upstream portion was considered more important than the agreement
in the downstream portion as the former was the place where the outflow would take place in the




Section 3. Additional  issues  f  the  location of a  transition  for  sediment  size and of  the  transp rt 
formul  used in the computation will be addressed in the following. 
  r lt  f  t e  y r ‐ r l     f   t   f ll  c t i     i   r s t   i  
i   .   t      t           i i   i    t  
i     l  f  i  se r l  t r st i  (e. ., [ 1, ]),  it  the solid  aterial accu l ti  
i  t  i t r      t   ,   i iti l  l    l .   se , t  ri er secti  
  it   i  f r  i t  l r r t     .  f , i  t  f ll i ,  tt ti   ill   f  
      .5 k  that moreover correspond to the in‐town reach where po ulation a d pro erty are 
exposed  to  the  flood  haz rd. Results  for  the  in‐town  reach  are  depicted  in      i cl i  
iti l  iti it   l  t  t   s t    [ , ].  i     i   t f l  
r t e location of a transition for sediment size significantly influenced the river profile computed 
at the end of the event. The comparison b tween the modeling results and the post‐event surveys is 
also  included  in  Figure  12. The  field data were  reproduced well  in  the upst eam portion of  the 
in‐town reach, whilst the computed bed elevations were significantly lower than the surveyed ones 
in the downstream portion. This could be due to the fact that the survey was not performed just after 
the floo   n  additional m rphologi  processes could have taken pla . Since the flood happened 
almost 30 years ago, it was very difficult to find information in that respect. However, th  agr ement 
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Figure 11. Result of the numerical model of the 1987 flood event comparing the river profile at the
beginning and at the end of the simulation.
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5.2. Design Flood Event
A discharge hydrograph corresponding to a return period of 100 years was computed by [14]
using a Nash model. The hydrograph had a duration of 60 h and a p k discharge of 640 m3/s
(Figure 10). It is acknowledged here t t the estimation of a flood hydrograph for a relatively high
return period may be not fully support d by the length of available rainfall ecords (that were limited
to several years). However, in the absence of different e luations, the available hydrograph was used
h r as an upstream boundary condition for th hydro-morphologic model. Other parameters of the
model (sediment sizes, roughness coefficients, and upstream sediment supply) were the sam as thos
previou ly used for the simulation of the 1987 flood.
The res lt obtained from the hydro-morphologic modeling of the design scenario is depicted
in Figure 13. The reliability of this result was tested by a s ries f analyses wh re the sensitivity of
the final bed profile to different parameters was demonst ated. Considered items were the sediment
size, the location f a transition in sediment size, the sediment supply at the upst am boundary,
and the sedime t transport equation. Results ar depicted in Fig res 14–17. The only parameter with a
marked influence on th results was the sedim nt size, that was however determined bas d on the
analysis of th flows in the d ration curve (Sectio 4). The stability of the pres nted results i therefor
considered satisfactory.
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Figure 14. Model of the design flood scenario: sensitivity to the sediment size (sizes for the downstream
and upstream homogeneous reaches indicated in mm in the legend), considering that the benchmark
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Figure 15. Model of the design flood scenario: sensitivity to the location chosen for a transition in
sediment size (moved from 1.8 to 2.5 km).




Figure 16. Model of  the design  flood scenario: sensitivity  to  the sediment supply at  the upstream 
boundary (equilibrium conditions for the benchmark model, no supply, Y = 2 × 105 m3). 
 
Figure  17.  Model  of  the  design  flood  scenario:  sensitivity  to  the  sediment  transport  formula   
(S‐J = equation by [36]). 
The maximum elevation reached by water was higher than the left bank close to the Garibaldi 
bridge,  indicating  that  the  town would be  flooded by  an  event  analogous  to  the  scenario under 
consideration (see Figure 4 for the location at which inundation would be expected to start). Present 
results  also  confirm  a major  importance  of  accounting  for  the  sediment  transport  in  the  hazard 
assessment, if one considers that the same discharge hydrograph would correspond to a freeboard of 
1.9  m  at  the  Garibaldi  bridge  in  a  clear‐water  hydraulic  model.  For  the  present  scenario,  the 
outflowing discharge was estimated  in an uncoupled way with respect  to  the hydro‐morphologic 
model. At some selected times along the process, the instantaneous profile of the free surface was 
used to compute the outflowing discharge by treating the  left bank of the river as a succession of 
lateral  weirs  (the  reader  is  directed  to  [43]  for  more  details).  An  outflowing  hydrograph  was 
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The maximum elev ion reached by water was higher than the left bank clo e to the Garibaldi
bridge, indicating that the town w uld be flooded by an ev nt analogous to the scenario under
consideration (see Figure 4 for e location at which inundation ould be expected to start). Present
results also confirm a major import nce of accounting for the sediment transport in the azard
assessment, if one considers that the same discharge hydrograph would correspond to a freeboard of
1.9 m at the Garibaldi bridge in a clear-water hydraulic model. For the present scenario, the outflowing
discharge was estimated in an uncoupled way with respect to the hydro-morphologic model. At some
selected times along the process, the instantaneous profile of the free surface was used to compute the
outflowing discharge by treating the left bank of the river as a succ ssio of lateral weirs (the reader is
directed to [43] for more details). An outflowing hydrograph was obtained, starting at a time of 26 h
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6. Concluding Remarks
This study documented an application of a numerical model towards flood hazard assessment for
a mountain river with intense sediment aggradation increasing the expected water levels for any flow
rate. The importance of appropriately accounting for sediment transport was proven by comparing
the maximum elevation of the free surface for a clear-water and a hydro-morphologic modeling
approach. It was demonstrated that even though the hazard perspective was related to a design flood
event, insight into the appropriate model parameterization could be obtained from analyses of the
hydro-morphologic behaviour of the river over a longer term considering flow rates in the yearly
duration curve. These ordinary conditions represent initial conditions for the unsteady process of the
flood wave propagation and all of its consequences. The model parameterization obtained from the
preliminary analysis was first validated against the records of a past event and then exploited for the
simulation of a design flood scenario with a 100-year return period. Using such a return period is a
standard practice in Italy. Investigating the effect of flow rates with different probability would also be
an interesting topic, that shall be accounted for in follow-up work but that does not alter the modeling
procedure proposed in this study.
The sediment supply into the river reach used in the computations was modeled assuming a
dynamic equilibrium at the upstream boundary. Previous studies and appropriate sensitivity analyses
performed in this work demonstrated that the sediment aggradation depth in the in-town reach of
the river was however independent of the sediment supply at the upstream boundary, provided that
the length of the computational reach was enough in light of the duration of the event. Under such a
condition, the event dynamics is characterized by a redistribution of sediment already present in the
water course before the event rather than on migration of the sediment supplied upstream. From a
modeling point of view, a low sensitivity to the values of yielded sediment volume would significantly
reduce the uncertainty related with short-term modeling. On the other hand, a major role of antecedent
conditions would be consequently inferred. This part of the process, however, still needs further
research. The issue of sediment connectivity has indeed received particular attention in recent years
(e.g., [44–46]) and it might be worth recalling here that a similar behaviour has been also argued for
water, as measurements showed that the water reaching a downstream section is present in the basin
substrate before an event rather than the water arriving during the event (e.g., [47,48]). Modeling the
undergoing processes at a greater spatial resolution (i.e., raster cell) over long time spans could thus
also support the assessment of suitable initial states.
The sensitivity of the modeling results to several parameters was assessed, resulting in a
satisfactory reliability of the procedure. The sediment size can have a major influence on the simulated
hydro-morphologic behaviour of the river. In the present case, a parameterization of the sediment size
based on the analysis of the yearly sediment transport was proposed.
The modeling approach was here applied to a design event for a 100-year flow hydrograph, but the
sequence could be equally conditioned with forecasted flow rates in a warning system (e.g., [49]).
According to [15], two major drawbacks of forecasting and warning tools currently used in the
study site are that (i) discharge forecasts are not connected with inundation models and (ii) sediment
aggradation is not considered. The modeling sequence presented in this study can effectively connect
discharge forecasting and inundation models accounting for sediment transport and aggradation
of the river bed, thus meeting a significant public demand. Further research on urban inundation
(using a two-dimensional, unsteady hydraulic model) and damage modeling (using a model recently
proposed by [50]) is presently in progress as a follow-up step of a simulation sequence. Such pieces of
information shall support design of risk mitigation (i.e., damage reduction) strategies by authorities
in charge.
A most important shortcoming of the approach documented here is its deterministic nature,
with a consequent lack of consideration for uncertainty issues. On the one hand, for the present
study site the hydro-morphologic model took advantage of existing data and was calibrated based
on the latter, thus mitigating the effects of uncertainty. On the other hand, uncertainty issues shall be
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key topics for follow-up research. In this respect, one can first consider that analyses dealing with
non-gauged case studies would suffer from a much larger uncertainty in the hydraulic modeling.
Second, the correspondence between water discharges/volumes and sediment transport volumes is
far from being deterministic (e.g., [5,51,52]). Examples of probabilistic treatment of sediment supply
are appearing (e.g., [53]), which can be further exploited as a step forward for an appropriate treatment
of uncertainty.
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